Abstract: Hematopoietic stem cell transplantation is only suitable for early-stage adrenoleukodystrophy (ALD). In this study, we observed the therapeutic efficacy of combined transplantation of neural precursor cells (NPCs) and olfactory ensheathing cells (OECs) on late-stage X-linked ALD in nine children who were admitted in our hospital between June 2009 and January 2014. Related patient information included onset time 3 months to 1 year, magnetic resonance imaging (MRI) score 11.02±0.90, and neurologic function score 2-3. All patients received combined transplantation of NPCs and OECs by injection around the lateral angle of the frontotemporal-occipital lesion under MRI guidance. It was found that the visual function, sleep, and communication obstacles were improved significantly without evidence of disease progression in six (66.7%) of the nine patients within 1 month after transplantation. In two of the six patients, the lesions became significantly smaller than before, although their MRI scores remained unchanged significantly. In addition, cell therapy did not induce any irreversible adverse event during the study period, indicating that combined transplantation of NPCs and OECs was safe and reliable, and could improve the clinical manifestations of ALD in children within a short time. Although this cell therapy was not able to halt the progression of the disease 1-3 months after transplantation, it could still be used as an early treatment and provide patients with more opportunities for hematopoietic stem cell transplantation, which is the only effective long-term treatment for X-linked ALD at present. The preliminary results from this study suggest that a comprehensive prevention strategy of serial and combined transplantation may improve some functions for ALD patients in the short-term, however, long-term effects need further study.
Introduction
Adrenoleukodystrophy (ALD), one of the most common peroxisomal diseases, is an X-linked recessive genetic disease affecting ~1 in 21,000 males. The prevalence of ALD in females is ~1 in 14,000. 1 ALD results from dysfunction of the peroxisomal membrane-bound ALD protein (ALDP). ALDP, which is coded by the ABCD1 gene at Xq28, participates in the transport of cytosolic very long-chain fatty acids (VLCFAs) into the peroxisome for homeostatic oxidation. Without normal function of ALDP, VLCFAs would accumulate in tissues and circulating plasma, leading to rapid and profound neurologic decline and abnormal physical symptoms due to demyelination within the cerebral white matter. the rate of progression, ALD is roughly classified into seven types: 1) childhood cerebral form (CALD), 2) young age form, 3) adrenomyeloneuropathy type, 4) adult cerebral form, 5) olive pontine cerebellar form, 6) Addison's disease alone, and 7) non-symptom type. Childhood CALD is the form most severely involving the central nervous system (CNS). 3 About 80% of ALD patients develop neurologic involvement. 4 The most severe clinical manifestation of ALD is the cerebral variant (CALD), especially for childhood CALD patients. 5 Childhood-onset CALD refers to onset before the age of 10 years, and the common age of onset is 4-8 years.
The manifestations of childhood-onset CALD are progressive cognitive and behavioral disorders and other nervous system abnormalities. Early signs and symptoms that may arouse the attention of parents include hyperactivity with decreased attentiveness and declining school performance. Subsequently, gait abnormality, hearing and language barriers, visual anomaly, and occasional seizures appear gradually. Some patients also have symptoms of adrenal insufficiency, as represented by increased skin pigmentation, easy fatigue, and abnormal results of blood adrenocorticotropic hormone and cortisol rhythm examination. CALD progresses rapidly. Just within a few years, patients may experience complete loss of vision, hearing and language functions, and a state of generalized muscular rigidity, resulting in bed confinement for the rest of their life. Eventually, systemic failure and pulmonary infection lead to ensuing death. 6 Early diagnosis and timely hematopoietic stem cell transplantation (HSCT) are the only ways to improve long-term survival of CALD patients at present. 7 However, children without a clear familial history of CALD often miss opportunities for transplantation due to obvious nervous system damage during disease progression, when admitted to hospital. In addition, other current treatments such as Lorenzo oil and rehabilitation cannot improve the prognosis. In this study, we observed for the first time the therapeutic efficacy of combined transplantation of neural precursor cells (NPCs) and olfactory ensheathing cells (OECs) on late-stage X-linked ALD in nine children who were admitted in our hospital between June 2009 and January 2014 but not suitable for HSCT. The short-and long-term efficacy and safety of NSCs and OECs combined transplantation were evaluated by magnetic resonance imaging (MRI) score and neurological function score (NFS). 
Patients and methods

Baseline data
Included in this study were nine pediatric ALD patients (age of onset 7.57±1.86 years; time of onset 6.50±3.39 months) who received treatment in the Department of Pediatrics of our hospital between June 2009 and June 2012. Clinical manifestations were declined vision and hearing, unstable walking, communication obstacles, and decreased learning performance at the time of diagnosis. The interval from disease onset to the treatment was 3 months to 1 year. Neurologic function was evaluated by senior neurologists of the hospital prior to transplantation, including vision, hearing, motor skills, communication, and the presence or absence of urinary and fecal incontinence, and febrile convulsion. 9 NFS 2-3 was defined as hearing impairment, vision loss, and walking difficulty.
Diagnostic criteria
The pattern and extent of cerebral demyelination were evaluated by brain MRI according to Daniel J MRI criteria, 10 and the mean score was 11.02±0.90. In addition, all patients received plasma VLCFAs analysis and ABCD1 gene diagnosis (Table 1) .
Inclusion criteria
All nine pediatric patients presented the clinical symptoms and signs of ALD before the initial diagnosis. NFS was >1, and the MRI score (indicating severity) was >10 in all nine patients.
Acquisition of transplanted cells
NPCs ( Figure 1) were isolated from the cortex of voluntary donations of aborted embryos and cultured as described previously.
11 Quality control of NPCs was conducted in the following areas: 1) cell morphology (suspended spherical with a diameter <100 μm), 2) cell phenotype (99% cells expressing nesting), 3) differentiation ability (differentiating into neurons, astrocytes, and oligodendrocytes after induction in vitro), 4) cell viability (not <95%), 5) microbiological detection (without bacteria, fungi, mycoplasma, hepatitis B virus (HBV), hepatitis C virus (HCV), human immunodeficiency virus (HIV), cytomegalovirus (CMV), Epstein-Barr virus (EBV), syphilis, and other pollutions), 6) endotoxin detection (<2 EU/mL), and 7) karyotype (without chromosomal aberrations).
Olfactory ensheathing cells
OECs ( Figure 2) were isolated from the olfactory bulbs, and cultured and identified as described by Liu et al. 12 The olfactory bulbs were obtained from voluntarily donated human fetuses aged 4 months postconception. Quality control of OECs before clinical application included the following: 1) phenotype (>90% cells expressing P75NTR), 2) cell viability (not <95%), 
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Combined transplantation for ALD in children bacteria, fungi, mycoplasma, HBV, HCV, HIV, CMV, EBV, syphilis, and other pollutions), and 4) endotoxin detection (<2 EU/mL).
Cell transplantation
All the nine pediatric patients received preoperative examinations including blood routine; blood coagulation; immunological examinations including hepatitis B, hepatitis C, syphilis, and AIDS; blood biochemistry; electrocardiography, chest X-ray radiography, and electroencephalography. There was no contraindication for cell transplantation in all patients, and their parents or legal guardians signed informed consent for the planned cell transplantation. After preoperative skin preparation and ketamine basal anesthesia, MRI 
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Yang et al was used to locate the position of the bilateral occipital lobes, temporal lobes, and the outer boundary of the lesion. The lateral angle of the frontotemporal-occipital lesion was chosen as the puncture point. Within the disinfected area, cranial drilling was performed to create holes in the skull. A transfixion pin was placed vertical to the skull before puncturing into the located position. After completing slow injection of OECs (1.0×10 7 /0.2 mL) and NPCs (7.0×10 6 /0.2 mL), the needle was withdrawn and the surgical area was pressure dressed. After transplantation, the patient was advised to lie flat on the back for >20 h, during which vital signs were monitored closely.
The protocol of this clinical study including cell sources was approved by the Scientific Council and Ethics Committee of the Navy General Hospital and was in accordance with the guidelines issued by the Chinese Ministry of Health (91-006). 13 The parents or guardians of the patients were fully informed about the sources, separation and cultivation of the transplanted cells, methods of cell therapy, risks of the surgery, possible adverse effects, and safety measures and they all provided written informed consent for both the procedure and inclusion in this study. All treatment procedures were under the supervision of the Ethics Committee of the hospital.
Outcome evaluation
Preoperative evaluation included hearing and auditoryevoked potential, vision and visually evoked potential, video electroencephalogram, intelligence, movement, and neurological examination. At the same time, changes in sleep, diet, mood, vision, hearing, and communication were recorded. After transplantation, patients were observed in the hospital for a month and then followed up for 6 months to 2 years after discharge.
Valid criteria/effectiveness standards included: 1) improvement of the clinical manifestations, 2) the state of disease progression within 3 months after transplantation, and 3) change in the size of the lesion as shown by MRI scanning.
Results
The clinical manifestations were improved significantly in six (66.7%) of the nine patients in 5 days to 1 month after transplantation, including hearing improvement in one, vision improvement in two, communication and memory improvement in two, and even lesion shrinkage in two of the six patients.
The patient in Case 1 exhibited hearing improvement and steady walking from day 5 to 30 after transplantation, although his vision and communication showed no significant improvement. However, 1 month after cell therapy, the hearing and walking abilities fell to the level before transplantation or even aggravated. Two months after transplantation, repeated MRI brain scan showed that the long T2 signal of the optic nerve became weakened, and the left parietal long T2 signal range was decreased obviously (Figures 3 and 4) . 
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The patient in Case 2 exhibited improvement in memory as represented by the ability of remembering the phone numbers more quickly, walking as represented by being more energetic or even being able to run, and vision as represented by being able to avoid obstacles and discern steps during walking, when compared with their preoperative conditions. Twenty days after transplantation, repeated MRI brain showed that the long T2 signal of the bilateral, parietal, and occipital white matter became weakened, and the signal range was also decreased.
The patient in Case 3 exhibited obvious sleep improvement 1 week after cell therapy. His eyesight and hearing obstacles did not progress within a month but then became worse than the condition before treatment.
The patient in Case 5 showed improvement in eyesight and communication 10 days after surgery. He could recognize the shape of objects in the air and had proactive requirement language.
The patient in Case 6 showed improvement in eyesight as represented by being able to watch television ~1 week after treatment. His proactive language was also increased.
The patient in Case 8 showed improvement in communication with the outside world. His proactive language was also increased.
NFS and MRI scores remained unchanged significantly after treatment in all nine patients, although the lesions became smaller in Cases 1 and 2. The conditions of Cases 4, 7, and 9 patients progressed to some extent during hospitalization (Table 2 ). All the nine patients were retained in the hospital for a month for further observation and then followed up for 3 months by telephone after discharge. All the nine patients experienced varying degrees of disease progression during the 1-to 3-month follow-up periods after transplantation. Although four patients failed to respond to the cell therapy and died 2-3 years after the onset of disease, no death occurred during the follow-up periods.
No serious irreversible procedure-related adverse events occurred during the follow-up periods in any of the nine patients.
Discussion
All nine cases in this study belong to childhood CALD. There is no specific drug for the treatment of this disease at present. Hormone replacement therapy is the only mainstay treatment for pediatric ALD patients who have functional abnormalities involving the adrenal cortex.
14 Dietary Lorenzo oil therapy is another option, but it is suitable only for two types of ALD patients: patients with no nerve disease and normal cranial MRI, and those with adrenal myelopathy type alone. Lorenzo oil can delay the progression of the disease in patients with the latter type but not in patients with the former type. 15 In addition, some studies suggested that HSCT could increase long-term survival of ALD patients, regardless of bone marrow or cord blood HSCT. However, HSCT needs to be conducted in the early stage of the disease with 
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Yang et al an NSF score of <1 and an MRI severity score of <9 in the 34-point scoring system designed by Loes et al. 10 Given the above conditions, the 5-year survival rate for such patients can reach 92%. According to a single-center study of HSCT in 60 patients with childhood CALD conducted by the University of Minnesota, 16 evaluation of MRI severity before HSCT is primarily important. Score 10 is the margin because it is related to the therapeutic efficacy. The NFS also has great impact on the long-term survival rate. It was reported that the long-term survival rate was 25% lower in children with an NFS of >1, when compared with that in children with an NFS of 0. Because of its insidious onset and no popular inherited metabolic screening for ALD due to existing constraints, the diagnosis of this disease was usually delayed and, therefore, the patients often missed the best opportunity for effective allo-HSCT therapy. Most of these childhood patients already had at least one to two neurological damages at the first visit to a doctor, when their white matter damage had already shifted into the "acceleration" phase. Thus, it is essential to fight chance for effective HSCT therapy and seek new treatment for these childhood patients.
A series of studies on NPC transplantation for childhood patients with various CNS diseases has been conducted in our pediatrics center since 2005. Both animal experiments and clinical trials have demonstrated that NPC treatment is safe and effective for cerebral palsy (in animal models), neonatal hypoxic ischemic brain damage, and neonatal critical carbon monoxide poisoning. [17] [18] [19] An American clinical study 20 also confirmed that the use of fetal brain-derived NPC was safe in the treatment of Batten disease. In addition, both long-term survival of transplanted NPC and survival rates of these patients were increased.
Although no data concerning the clinical research of NPC transplantation for the treatment of X-linked ALD have been reported in the literature, multiple animal experiments or clinical trials have demonstrated the feasibility of NPC or genetically modified NPC on other neurological diseases and injury-associated metabolic disorders, including neuronal ceroid lipofuscinoses (NCLs), 21 Niemann-Pick diseases (sphingomyelin lipidosis), 22 and spherical leukodystrophy.
23
A clinical study conducted by Selden et al suggested that allogenic human NPC transplantation via the cerebral hemisphere and lateral ventricle could reduce storage substances accumulated in the brain of six infants or late baby with NCLs through producing palmitoyl-protein thioesterase 1 and dipeptidyl peptidase 1. 24 No transplantation-related severe adverse events occurred during the study. Shihabuddin et al 22 found that many sites within the brain transplantation of adult mouse NPC with the overexpressed acid sphingomyelinase gene (ASM) into the Niemann-Pick-A mouse (ASM gene knocked out) led to a marked regional decrease in free cholesterol and sphingomyelin storage. These NPCs could survive for as long as 10 weeks and their migration also occurred.
Currently, NPCs have been used to treat animal models of other types of leukodystrophy, metachromatic leukodystrophy, and globoid cell leukodystrophy. 23, 24 The results suggest that NPC could attenuate damage to motor functions. Transplanted mouse NPC or gene-modified NPC (overexpressed β-galactocerebrosidase [GALC]) could survive for a long time in the brain of a globoid cell leukodystrophy mouse model, produce functional GALC and enhance the enzyme activity in the brain and spinal cord, reduce accumulation of galactocerebroside, delay symptom onset, and extend their life spans to 2-3 times longer than expected. In addition, these transplanted NPC had a substitution effect on oligodendrocytes and a remyelination effect. 24, 25 All these studies demonstrated that NPC had the abilities of migration, regional-specific differentiation, removing various accumulations in the brain and reducing damage to motor functions, suggesting the potential of NPC in the clinical treatment of ALD and the possibility of its restorative effect at some level.
In recent years, OEC transplantation is a hot research area in neurorestorotherapy, and one of the most potential treatments for repairing CNS diseases, including spinal cord injury, amyotrophic lateral sclerosis, stroke, and multiple sclerosis. [26] [27] [28] [29] [30] Mackay-Sim et al demonstrated the feasibility of using autologous OEC transplantation for the treatment of spinal cord injury in six patients and at least 3-year safety post-implantation. 29 In addition, OEC transplantation could improve light touch and pin prick sensitivity over three segments, and no significant complication and tumor formation occurred. OEC as a type of glial cells that have dual differentiation fates can differentiate into Schwann cells and oligodendrocytes. Compared with Schwann cells or oligodendrocytes, OEC can improve axonal regeneration and have a myelinization effect. 31 Shi et al evaluated the repair effect of OEC on white matter damage in rats undergoing middle cerebral artery occlusion. On day 56 after transplantation, OEC reduced the infarct volume, decreased mortality, and improved remyelination and axon regeneration of the white matter lesions. 32 Apart from direct participation in myelination, OEC could secrete various neurotrophic factors including NGF, BDNF, N73/4, and GDNF, inhibit the secretion of harmful factors, and promote neural regeneration, 
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Combined transplantation for ALD in children growth, and differentiation. 33, 34 In addition, co-culture of OEC with NPC could significantly promote differentiation of NSC and axon elongation. 35 Multiple animal experiments also suggested that combined transplantation of NPC and OEC generated better performances in treating various neurological injuries, including spinal cord injury and traumatic brain injury. Better motor function or cognitive function, much less apoptosis, and the higher number of neurons differentiating from NPC were observed in the combined transplantation group, compared with single NPC or OEC transplantation group. [36] [37] [38] However, the efficiency of the combined transplantation on ALD and other inherited metabolic diseases has not been demonstrated. The remedial effect of single NPC transplantation on multiple inherited metabolic diseases has been well documented. In addition, the growth and differentiation of NPC can be promoted by OEC, and meanwhile OEC itself has the abilities of axonal regeneration and remyelination. With all these observations taken into account, we hope that the combined transplantation of NPC and OEC could provide a new idea and mean for the treatment of ALD. All nine childhood patients included in this study already had at least two neurological damages at the first visit to the doctor, in whom the NFS was >2 and the MRI severity score was 10-12. The main clinical symptoms and signs in these patients were declined eyesight, damaged hearing ability, and unstable walking. Their medical histories suggest that some patients also had communication obstacles, declined memory, decreased learning performance, and skew writing in the beginning of the disease. MRI scan showed significant matter lesions in these patients. Seeing that they all had missed the chance for effective cure by HSCT, we designed the protocol of combined transplantation to promote remyelination of the white matter, partially repair the damaged tissue, improve the clinical symptoms and signs, slow down disease progression, and fight chance for HSCT treatment. The postoperative and follow-up results suggest that the clinical manifestations were improved in 5 days to 1 month after transplantation in six (66.7%) of the nine patients, including hearing improvement in one patient, visual improvement in two patients, communication and memory improvement in two patients, and even the lesions became smaller in two patients. Although the conditions of the nine patients began progressing 1-3 months after transplantation, these therapeutic effects are still inspiring for such childhood CALD patients. We speculate that allogeneic cells are usually rejected, and some form of immunosuppression should be administered to patients. 39 Thus, the effects are relatively short. Especially, it was shown previously that transplanted short-lived cells are also capable to provide therapeutic effect. 40 However, even if the cells survive, they should be probably widely distributed within the CNS, as single injections were shown largely ineffective in other white matter disease -Pelizaeus-Merzbacher disease. 41 However, the mechanism underlying these effects remains to be further explored. They may be related to neurotrophic factors and myelination brought by the transplanted cells. However, these factors failed to change the NFS in a short time, and long-term follow-up results suggest that the patients still faced rapid disease progression. The short-term therapeutic efficacy of combined transplantation of NPCs and OEC in some cases of this study suggests that there is still room for improvement in the strategies of treatment in the following areas. First, whether or not application of immunosuppressants such as cyclosporin A and FK506 could also reduce the occurrence of graft-versus-host reaction, improve the therapeutic efficacy and prolong the remission duration. Second, whether increasing the number of transplanted cells and frequency of transplantation could improve the therapeutic efficacy and further reduce or reverse the neurological damage and symptoms so as to create the opportunity for HSCT therapy. Finally, whether or not serial transplantation (NPC+OEC transplantation-HSCT-NPC+OEC transplantation) may provide a better choice. Evidence-based medicine has shown that HSCT can decrease the VLCFA concentration and prevent further brain injuries via paracrine peroxidase after entry into the host brain tissue by donor macrophages. However, the repair effect of HSCT is limited for brain tissues where injury has already occurred. First, NPC+OEC transplantation is likely to create opportunities for the following HSCT therapy, which can prevent further white matter damage through correction of bad metabolism condition of peroxidase. Then, the last NPC+OEC transplantation may provide a maximum repair effect on white matter injury and improve the quality of life of ALD patients.
Conclusion
The preliminary results from this study suggest that a comprehensive prevention strategy of serial and combined transplantation may improve some functions for ALD patients in the short-term, however, long-term effects need further study.
